Background: Childhood cancer survivors who retain ovarian function after completing cancer treatment are at increased risk of developing premature menopause, defi ned as cessation of menses before age 40 years. However, published data pertaining to the risk and frequency of premature menopause are limited. Methods: We assessed the incidence of and risk factors for premature menopause in 2819 survivors of childhood cancer who were older than 18 years and were partici- Advances in treating childhood cancer have resulted in markedly improved survival rates; currently, more than 70% of children and adolescents diagnosed with cancer can expect to be long-term survivors ( 1 ) . However, with these advancements, survivors now face the consequences of exposure to intensive multimodality therapies. Both males and females who are treated with chemotherapy, surgery, and/or radiation can potentially suffer the loss of reproductive function. Acute ovarian failure or the loss of ovarian function during or shortly after completing cancer therapy is known to occur in a minority of females diagnosed with childhood cancer, primarily those who are exposed to high-dose pelvic irradiation and/or intensive alkylating
agent -based regimens that are used for cytoreduction for stem cell transplantation ( 2 -9 ) . Nevertheless, data from a variety of sources, including autopsy studies of subjects who died in the peritreatment period ( 10 , 11 ) and ultrasound evaluations performed years after completing cancer therapy ( 12 ) , reveal that survivors of childhood cancer, including those who were still menstruating, have fewer primordial and antral follicles than age-matched control subjects. Because menopause appears to occur once the number of primordial follicles declines below a certain threshold ( 13 ) , one might predict that oocyte depletion due to cancer therapy would result in an earlier timing of menopause, at least for a subset of survivors of childhood and adolescent cancers.
Premature menopause leads to the early and often unexpected loss of reproductive potential as well as the cessation of ovarian sex hormone production. Thus, survivors who experience premature menopause are at increased risk of developing a variety of adverse health outcomes, including osteoporosis ( 14 , 15 ) , death from cardiovascular diseases ( 16 ) , and psychosexual dysfunction ( 17 , 18 ) compared with women who do not undergo premature menopause.
To provide young adult female survivors with reliable information about their risk of developing a premature menopauseinformation that would facilitate family planning and timing of future pregnancies -precise risk estimates are needed. However, current data on the incidence of premature menopause and on the patient and treatment factors associated with the development of premature menopause in survivors of childhood cancer are limited ( 19 , 20 ) . Furthermore, published studies suffer from several limitations, including small sample size, lack of detailed information on treatment exposures, failure to exclude individuals with a probable central cause for cessation of menses (e.g., gonadotropin defi ciency), and failure to separate surgical from nonsurgical cases of premature menopause ( 19 , 20 ) .
In this study, we assessed menopausal status in a large and well-characterized cohort of childhood cancer survivors who continued to menstruate more than 5 years after their cancer diagnosis. A unique feature of this cohort is the availability of extensive treatment data ( 21 ) , including cumulative doses of key chemotherapeutic agents and detailed information on radiation dose and treatment fi eld, which has allowed us to determine, more precisely than previous studies have done, the risk factors associated with premature menopause.
S UBJECTS AND M ETHODS

Childhood Cancer Survivor Study
The cohort of subjects assessed here is a subset of participants in the Childhood Cancer Survivor Study (CCSS), also known to study participants as the Long-term Follow-up Study. The methods, objectives, eligibility criteria, and characteristics of study participants of the CCSS have been published previously ( 21 ) . In brief, the CCSS is an ongoing multi-institutional epidemiologic follow-up study of 5-year survivors of childhood cancer who were diagnosed before age 21 years, between January 1, 1970, and December 31, 1986 . The primary aim of the study is to determine late adverse outcomes that follow treatment for childhood and adolescent cancer. All CCSS studies, questionnaires, and documents have been approved by the internal review board at the University of Minnesota (the study coordinating center) and each of the participating centers. Each participant (or his/her proxy if the patient was younger than 18 years at interview or if they died after achieving 5-year survivorship but before being interviewed), provided written informed consent for the study and separate consent to allow release and use of medical records, including treatment records.
Each participant was required to complete an extensive baseline questionnaire (complete questionnaire is available at http:// www.cancer.umn.edu/ccss ). A proxy completed the baseline questionnaire if the participant was younger than 18 years at study entry or was deceased after achieving 5-year survivorship but before study entry. Also, detailed medical information was taken from the medical record of each participant. Data collected included all treatments for the primary cancer diagnosis, including the initial treatment, treatment for any relapse, and preparatory regimens for bone marrow transplant. Information about cancer treatment included qualitative data on 42 chemotherapeutic agents, quantitative data on 22 of these agents, surgeries performed from the time of initial diagnosis, and quantitative data on radiation fi eld, size, site, and dose.
Premature Menopause Study
Of the 14 372 participants in the CCSS, 6079 females were older than 18 years and known to be alive as of November 30, 2000 . Of those 6079 survivors, 4620 (76%) completed a followup questionnaire (complete follow-up questionnaire is available at http://www.cancer.umn.edu/ccss ) during 2000 and 2001. This questionnaire requested information on age at menarche, current menstrual status, age at last menstrual period, and, for those who were currently menopausal, the etiology of menopause, i.e., surgical versus nonsurgical. Subjects were considered to be menopausal if they had not experienced a spontaneous menses for at least 6 months and other causes, e.g., pregnancy; use of agents such as injectable progesterone and gonadotropin-releasing hormone analogs had been excluded ( 22 , 23 ) . Subjects who indicated that they had undergone menopause after surgery were asked to provide more information about the specifi c surgical procedure that had been performed. However, the quality of the data that was provided did not allow us to determine the precise type of surgical procedure performed (i.e., hysterectomy, oophorectomy, hysterectomy plus oophorectomy) in most survivors with a surgical menopause.
From among these 4620 subjects, we excluded subjects who met any of the following criteria: had a diagnosis associated with ovarian dysfunction (n = 7), e.g., Turner syndrome; never had a spontaneous menses or ceased spontaneous menstruation within the fi rst 5 years following the initial cancer diagnosis (n = 321); i.e., indi viduals with acute ovarian failure; received more than 30 Gy of radiation to the brain and/or had a primary tumor in the region of the hypothalamus -pituitary gland (n = 592); questionnaire completed by someone other than the participant (n = 712); developed a second malignancy before the onset of menopause (n = 391); or radiation treatment data incomplete or not available (n = 349). A total of 1801 patients were excluded; some subjects met multiple exclusion criteria. The incidence of acute ovarian failure in the CCSS is 6% ( 9 ) .
Therefore, a total of 2819 subjects were deemed eligible for this study. We used the sibling cohort as a comparison group. The sibling cohort included 1065 siblings of a subset of all the CCSS case patients, including those who were not included in the cohort for the premature menopause study. All participants in the sibling cohort were older than 18 years and had undergone menarche spontaneously.
Radiation Dosimetry
Radiation dose to the ovaries and pituitary was quantifi ed by a radiation dosimetrist (C. Kasper) who evaluated radiation therapy records collected by all participating centers. Complete records included photographs of patients in treatment position or diagrams of treatment fi elds, beam energy, fi eld size, beam blocking information, and daily treatment doses. When diagrams were not available, a written description of the treatment from the radiation therapy record or medical record was used to estimate the extent of the treatment and the dose administered. For treatments very near the sites of anatomic interest, records were reviewed to determine oophoropexy status, special gonadal shielding, beam shaping blocks, and fi eld location. Doses from all treatment fi elds were summed and included the contribution of primary and scatter radiation ( 24 ) . If the surgical notes indicated an oophoropexy, the estimated radiation dose to the ovary was reduced to approximately 10% of the in-beam dose. Doses to right and left ovaries were estimated separately.
Chemotherapy
Seven broad classes of chemotherapeutic drugs were identifi ed from treatment records: alkylating agents, alkaloids, platinumcontaining agents, antimetabolites, topoisomerase inhibitors, antibiotics, and steroids. The total exposure to alkylating agents was measured by calculating an alkylating agent score that took into account both the number of alkylating agents and the cumulative doses of each drug administered. For each alkylating agent, the total dose per square meter of body surface area was calculated for each subject. A distribution of the doses received by all subjects was determined for each alkylating agent. Each subject was assigned a score of 0, 1, 2, or 3 for each drug, according to whether the individual received no drug or fell into the lower, middle, or upper tertiles of dose distribution of that drug. Individual scores were summed and each subject was assigned an overall alkylating agent score of 0, 1, 2, or 3, according to where the individual fell in the overall distribution ( 25 , 26 ) . Exposures to individual alkylating agents, e.g., cyclophosphamide and nitrogen mustard, were considered as separate dichotomous variables (yes or no).
Statistical Analysis
Descriptive, univariate statistics with t test and chi-square test were used to evaluate the relationship between premature menopause status and selected demographic and disease variables. The number of person-years at risk was determined as the time between menarche and the most recent menstrual period; women with surgically induced menopause were censored in the analysis of nonsurgical premature menopause. The person-years data were analyzed using Poisson regression ( 27 ) , which approximates Cox regression with a piecewise exponential baseline hazard to estimate the relative rate of having nonsurgical premature menopause. The standard large-sample inference for Poisson regression was used. In comparisons of case patients and siblings, generalized estimating equations models ( 28 ) with robust-inference procedures were used to adjust for the nonindependence of the two populations, which was caused by some case patients and siblings being members of the same family. Cumulative incidence curves were also drawn to illustrate the occurrence of premature menopause by age in the two groups ( 29 ) .
The multiple Poisson regression model of treatment and other effects on the development of nonsurgical premature menopause in survivors was constructed by selecting and deleting candidate variables, using the Akaike information criterion ( 30 ) to determine the effectiveness of adding or removing each term. The fi nal model was the one with the highest Akaike information criterion. All statistical tests were two-sided, and P <.05 was considered as statistically signifi cant.
R ESULTS
A total of 2819 subjects were included in the analyses ( Table 1 ) . Median age at cancer diagnosis was 7 years (range = 0 -20), and median age at study was 29 years (range = 18 -50); 69% of survivors had reached age 25 years, 47%, age 30 years; 26%, age 35 years; and 10%, age 40 years; 8% were older than 40 years. A total of 126 survivors and 33 siblings had ceased menstruating before age 40 years and were considered to have developed premature menopause. The cumulative incidence of premature menopause in survivors was 15%; rate ratio (RR) = 1.05 (95% confi dence interval [CI] = 1.04 to 1.07, P <.001) compared with siblings ( Fig. 1 ) .
For 61 (48%) of 126 survivors and 31 (94%) of 33 siblings with premature menopause, the menopause had been surgically induced. The incidence of surgically induced premature menopause was similar among survivors and sibling control subjects ( Fig. 2 ) . The rate ratio of a surgical menopause was 0.80 (95% CI = 0.52 to 1.23; P = .31) for survivors compared with sibling control subjects.
In contrast to the fi nding for surgical menopause, the incidence of nonsurgical premature menopause was higher among survivors than control siblings (8% versus 0.8% as determined by cumulative incidence curves; Fig. 3 ). For survivors, the rate ratio of nonsurgical premature menopause was 13.21 (95% CI = 3.26 to 53.51; P <.001) compared with control siblings. Survivors with nonsurgical premature menopause were older at diagnosis and at follow-up than survivors who did not develop nonsurgical premature menopause; they were also less likely to * Female survivors of childhood cancer older than 18 years who continued to menstruate for at least 5 years after their cancer diagnosis and were exposed to less than 30 Gy of cranial irradiation. have been diagnosed with leukemia, were more likely to have been diagnosed with Hodgkin lymphoma, and were more likely to have been exposed to alkylating agents and abdominopelvic irradiation ( Table 2 ) .
A multiple Poisson regression model indicated the following risk factors for nonsurgical premature menopause: attained age, radiation dose to the ovary (minimum and maximum), alkylating agent score, and a diagnosis of Hodgkin lymphoma ( Table 3 ) . There was an interaction between a diagnosis of Hodgkin lymphoma and radiation dose to the ovary. Among those who received no radiation to the ovaries, survivors of Hodgkin lymphoma had a rate of nonsurgical premature menopause that was 9.18-fold higher than that of survivors with other types of childhood cancer. Although exposure to higher doses of ovarian irradiation was associated with an increased risk of nonsurgical premature menopause, the risk was more pronounced for survivors of cancers other than Hodgkin lymphoma ( Table 3 ) . For survivors treated with alkylating agents plus abdominopelvic radiation, the cumulative incidence of nonsurgical premature menopause approached 30% ( Fig. 4 ) . Among all nonmenopausal women, 543 (20%) survivors and 262 (24%) siblings were currently taking oral contraceptives. Because menopausal status is diffi cult to assess in individuals receiving oral contraceptives, we reanalyzed the data after excluding women in this category. The results after exclusion were nearly identical to those of the entire cohort. The cumulative incidence of nonsurgical premature menopause remained at approximately 8% and the rate ratio of a survivor developing nonsurgical premature menopause was 12.82 (95% CI = 3.17 to 51.87; P <.001) compared with siblings. Moreover, the multiple Poisson regression model was unchanged.
D ISCUSSION
The results of this study indicate that for childhood cancer survivors who continued to have spontaneous menses more † Alkylating agent score and radiation dose to ovaries were calculated only when the treatment records were complete and of suffi cient quality to permit an accurate assessment of exposure.
‡ RT = radiation therapy.
than 5 years after their cancer diagnosis, the risk of developing nonsurgical premature menopause was 13-fold higher than that of siblings, with a cumulative incidence of 8% by age 40 years. The risk factors we identifi ed for nonsurgical premature menopause, i.e., attained age, a diagnosis of Hodgkin lymphoma, and exposure to increasing doses of both alkylating agents and radiation to the ovaries, are in broad agreement with the fi ndings from previous studies ( 19 , 20 ) . This study is the fi rst, to our knowledge, to incorporate detailed information on therapeutic exposures, including estimates of radiation doses to the ovaries. * P values calculated with multiple Poisson regression likelihood ratio test (two-sided). RR = rate ratio; CI = confi dence interval; RT = radiation therapy.
† Other = diagnoses other than Hodgkin lymphoma. Our data indicate that, of all treatment exposures, radiation to the ovary is associated with the greatest risk of nonsurgical premature menopause. Although the risk of nonsurgical premature menopause was most elevated among survivors exposed to the highest doses of ovarian irradiation ( ≥ 1000 cGy), exposure to doses as low as 1 -99 cGy were associated with an increased risk of nonsurgical premature menopause compared with that in survivors who received no radiation. This fi nding is consistent with a large body of literature indicating that the ovaries are susceptible to damage from external beam radiation, in a dose-dependent manner ( 3 , 4 , 31 -33 ) . In this study, however, the association between ovarian irradiation and risk of nonsurgical premature menopause was less apparent in survivors of Hodgkin lymphoma than in survivors of other cancer types. The most likely explanation for this fi nding is that the number of Hodgkin disease survivors treated at each dose level of ovarian radiation was small (e.g., 100 -999 cGy, n = 6; ≥ 1000 cGy, n = 1), limiting our ability to assess a dose effect.
Treatment with alkylating agents was also associated with an increased risk of nonsurgical premature menopause. In a previous study, Chiarelli et al. ( 20 ) noted a statistically signifi cantly increased risk for premature menopause only for survivors treated with the greatest quantities of alkylating agents. In this study, we observed that the risk for nonsurgical premature menopause was increased at all levels of exposure. Furthermore, the risk increased with exposure to increasing quantities of alkylating agents. For survivors treated with both alkylating agents and abdominopelvic radiation, the cumulative risk of nonsurgical premature menopause approached 30%.
We found an increased risk of nonsurgical premature menopause in survivors with a diagnosis of Hodgkin lymphoma compared with survivors with other cancer diagnoses. This risk persisted after controlling for age at diagnosis, attained age, and exposure to ovarian irradiation and alkylating agents. Even though our assessment of radiation and alkylating agent exposure was detailed and comprehensive, we cannot rule out the possibility that the increased risk of nonsurgical premature menopause noted in survivors of Hodgkin lymphoma is the result of residual confounding. In future studies it will be important to evaluate if Hodgkin lymphoma confers an independent risk of nonsurgical premature menopause.
Although we found that the risk of nonsurgical premature menopause was associated with attained age, we found no association with age at diagnosis after adjusting for attained age. Thus, our fi ndings differ from those reported from the FiveCenter Study, in which older age at diagnosis was associated with an increased risk of premature menopause ( 19 ) . Our results should be viewed in light of the large size of the CCSS cohort and the fact that our study included a substantially larger number of nonsurgical premature menopause outcomes among survivors diagnosed at younger ages. This fact, along with the fact that eligibility into the CCSS cohort was not restricted on the basis of attained age, likely provided us with a better opportunity than in previous studies to evaluate the association between age at diagnosis and risk of nonsurgical premature menopause.
In nearly 50% of the childhood cancer survivors with premature menopause, the menopause was surgically induced, in agreement with the data of Chiarelli et al. ( 20 ) . The cumulative incidence of surgically induced premature menopause was nearly identical between survivors and sibling control subjects. Assuming that, in most cases of surgical menopause in our study, the surgery performed included a hysterectomy, the 8% cumulative incidence of surgical menopause by age 40 years observed in our study is consistent with the approximately 20% lifetime prevalence of self-reported hysterectomy that was observed in a population-based sample ( 34 ) .
When interpreting the results of this study, certain limitations should be taken into account. We relied on self-report to determine menopausal status, without confi rmation from medical records or hormonal assays. Thus, some misclassifi cation could have occurred, particularly for women with surgically induced menopause. Both the relatively young age of our cohort and the fact that a sizable percentage of participants who were classifi ed as " not menopausal " were taking oral contraceptives likely resulted in an underestimate of the incidence of nonsurgical premature menopause among study participants. Also, some patients received rapidly changing doses of radiation therapy near their ovaries, where a few millimeters in either direction could result in a sizable change in the dose estimation. Nevertheless, this difference is unlikely to have resulted in a systematic over-or underestimation of ovarian radiation dose. Finally, data for this study are derived from treatments that were used from 1970 to 1986. Given that therapies may have changed over time, results of this study may not be strictly applicable to individuals who have been treated on more recent protocols.
This study, using the unique resource of the CCSS, provides new information regarding the incidence and risk factors for nonsurgical premature menopause. Because of the size of the study population and the detailed characterization of treatment-specifi c exposures, we can provide more precise estimates of risk than previous studies.
In conclusion, we have demonstrated that survivors of childhood cancer are at increased risk of developing a nonsurgical premature menopause compared with women who have never had cancer. The results of this study well facilitate counseling current survivors about their risk of experiencing an early menopause and will assist researchers in designing new therapeutic protocols that aim to reduce late ovarian toxicity.
